Intrinsically disordered proteins (IDPs) and regions (IDRs) have biological activities that, at least for part of the time, require the absence of stable 3-dimensional or secondary structure under physiological conditions. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Numbers estimating the amount of intrinsic disorder in proteins are stunning; about 43% of known mammalian protein sequence is in predicted intrinsic disorder (PID). [18] [19] [20] [21] Between 35 and 51% of eukaryotic proteins have been predicted to contain IDRs that span 40 or more residues. 22 Between 25 and 30% of eukaryotic proteins have been predicted to be half intrinsically disordered or more. 23 More than 70% of signaling proteins, and most of the cancer-associated proteins have been predicted to contain long disordered regions. 24 Disprot 25, 26 is the repository for experimentally verified and annotated IDP data. Sequence/structure information in Disprot has been used by members of the IDP community to build more than 50 different methods for predicting regions of intrinsic disorder in proteins, [27] [28] [29] [30] [31] and to estimate statistics for the accuracy of these methods. Nine of these predictors, along with predictions for 10,429,761 sequences in 1,765 proteomes from 1,256 distinct species, are available on the D 2 P 2 site.
Introduction
Intrinsically disordered proteins (IDPs) and regions (IDRs) have biological activities that, at least for part of the time, require the absence of stable 3-dimensional or secondary structure under physiological conditions. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Numbers estimating the amount of intrinsic disorder in proteins are stunning; about 43% of known mammalian protein sequence is in predicted intrinsic disorder (PID). [18] [19] [20] [21] Between 35 and 51% of eukaryotic proteins have been predicted to contain IDRs that span 40 or more residues. 22 Between 25 and 30% of eukaryotic proteins have been predicted to be half intrinsically disordered or more. 23 More than 70% of signaling proteins, and most of the cancer-associated proteins have been predicted to contain long disordered regions. 24 Disprot 25, 26 is the repository for experimentally verified and annotated IDP data. Sequence/structure information in Disprot has been used by members of the IDP community to build more than 50 different methods for predicting regions of intrinsic disorder in proteins, [27] [28] [29] [30] [31] and to estimate statistics for the accuracy of these methods. Nine of these predictors, along with predictions for 10,429,761 sequences in 1,765 proteomes from 1,256 distinct species, are available on the D 2 P 2 site. 32 Direct experimental evidence for the existence of IDPs and IDRs comes primarily from the protein data bank (PDB) 53 where NMR solution structures show conformational ensembles that clearly indicate dynamic disorder. Many PDB entries contain segments of protein sequence that are completely missing from X-ray and neutron diffraction crystal structures, but as is well-known by crystallographers, these segments can correspond to structured regions that are unobserved for a variety of technical reasons. For this reason, intrinsic disorder cannot be assigned to residues in crystallized proteins solely because they are not located.
Nevertheless, 7% of the crystal structures in the PDB, which is highly selective for ordered proteins, have been assigned to IDRs longer than 10 residues. 54, 55 IDPs and proteins with significant IDRs continue to resist crystallization, a situation that is unlikely to change. 56, 57 With few exceptions, crystal structures of largely disordered proteins have been obtained only from relatively small isolated sections of biologically active IDPs, many of them co-crystallized with, or covalently bound to, much larger
The Pfam database groups regions of proteins by how well hidden Markov models (hMMs) can be trained to recognize similarities among them. conservation pressure is probably in play here. The Pfam seed training set includes sequence and structure information, being drawn largely from the PDB. a long standing hypothesis among intrinsically disordered protein (IDP) investigators has held that conservation pressures are also at play in the evolution of different kinds of intrinsic disorder, but we find that predicted intrinsic disorder (PID) is not always conserved across Pfam domains. here we analyze distributions and clusters of PID regions in 193024 members of the version 23.0 Pfam seed database. To include the maximum information available for proteins that remain unfolded in solution, we employ the 10 linearly independent Kidera factors [1] [2] [3] for the amino acids, combined with PONDR 4 predictions of disorder tendency, to transform the sequences of these Pfam members into an 11 column matrix where the number of rows is the length of each Pfam region. cluster analyses of the set of all regions, including those that are folded, show 6 groupings of domains. cluster analyses of domains with mean VsL2b scores greater than 0.5 (half predicted disorder or more) show at least 3 separated groups. It is hypothesized that grouping sets into shorter sequences with more uniform length will reveal more information about intrinsic disorder and lead to more finely structured and perhaps more accurate predictions. hMMs could be trained to include this information. structured molecular complexes. Even under these conditions many residues in the IDRs cannot be located in the electron density, and the crystallized complex may not represent the interaction in solution. 58 Solution NMR data from a variety of chemical shift, relaxation, and heteronuclear NOE measurements yield unique information about the spectrum of conformational disorder and dynamics in proteins that is less specific but more accurate than that obtained from diffraction measurements. 59 Taken together, and supported by circular dichroism, vibrational spectroscopy, chromatography, and small angle scattering methods, these measurements provide certainty about the extent of static and dynamic disorder in IDPs and IDRs, 59, 60 and this information is recorded in the Disprot database. 25 There are many biophysical techniques that can be used to characterize dynamic structure of IDPs, and many of these methods have been the subjects of focused reviews and books. [61] [62] [63] [64] [65] [66] [67] The p53 and 14-3-3 proteins provide 2 particularly striking examples of the biological activity of intrinsically disordered proteins. 13 The p53 protein has several different IDRs that bind to different partners, and some IDRs that each bind in different conformations to several different partners, an association termed "one-to-many." 14-3-3 on the other hand is a structured protein that binds many different intrinsically disordered partners in associations termed "many-to-one" 13 . The Pfam-A database 68 is a curated collection of biologically conserved, and for many-functional, regions in proteins. Pfam sequences are grouped in large part by function and used to train hidden Markov models (HMMs) that are used to find similar regions in proteins where there is no protein based evidence of biological activity. The training set of sequences, Pfam-A.seed, contains regions from proteins that have been experimentally validated. It is this set that has been used in the present study to relate biological function with intrinsic disorder.
There have been 2 previous studies of IDRs in Pfam domains. Recent work, 69 looked at 71,974 version 22.0 Pfam-A seed members of 6,857 unique domains, limited to those that included GO annotations or had at least one literature citation. 12.14% of the domains had greater than 50% predicted disorder, and 4.15% were fully (95-100%) disordered. The high percentage of fully disordered domains was attributed to the uneven length distribution of domains, with somewhat shorter domains dominating at high percentage of disorder. 69 Earlier, 40% of Pfam domains were shown to contain conserved protein fragments that were predicted to be disordered (conserved disorder predictions, CDPs). 70 These CDPs were found in proteins from all domains/kingdoms of life, including viruses, with eukaryota having one order of magnitude more proteins containing long disordered regions than did archaea and bacteria. Functional analyses revealed that CDP regions frequently These factors are principle components of a large set of experimental measurements, scaled from -1 to 1.3 The first 4: hel, siz, ext, and hph, are close to being pure physical properties. The remaining 6 labels describe the primary characteristic of the factor. Kidera factors, being orthonormal, contain 10 times the information contained in the sequence alone. an analysis of short range interactions in sequences benefits when these factors are included, potentially increasing the information available to an hMM analysis many fold. Figure 1 . end effects do not contribute significantly to disorder distributions, as is shown here and in Table 2 in a comparison of the distribution of percent predicted disorder, as a function of the percentage of predicted disorder in 2% wide bins, in all Pfam seed proteins where domain members start or end within 19, 29, and 39 residues of the whole seed protein ends. all predictions in this work were performed on whole proteins, not on isolated domains, so sequence end prediction artifacts are restricted to Pfam domains at the N or c-terminus of proteins. When all proteins where end effects may affect prediction are removed, the prevalence of 100% predicted disordered domain members, shown here at 100% and in previous work, 33 does not significantly decrease ( Table 2 ). The inset shows the distribution of lengths for 100% predicted intrinsically disordered (PID) Pfam sequences. Table 5 shows the quantiles. The mean length of 100% PID Pfam sequences is 82 residues. The mean length for PID regions in whole mammalian proteins in the Pfam seed set is 16 residues ( Table 7) . participate in signaling, regulation, and interaction with DNA/ RNA and other proteins, common in ribosomal proteins. 71 In the present work these findings reported earlier are reexamined in detail with some new results.
Here we analyze the distribution of intrinsic disorder in Pfam domain sequences using the 10 dimensional space provided by the Kidera factors for the 20 naturally occurring amino acids [1] [2] [3] [72] [73] [74] [75] [76] combined with PONDR 4 predictions of intrinsic disorder. The Kidera factors have been developed expressly to describe properties of the amino acid residues that may be related to protein folding with a minimum number of parameters. They are derived from a multivariate statistical analysis beginning with 188 quantitative measurements of the amino acids available in 1985. Because this set of factors contains most of the measurable information relating the amino acids, it is possible to estimate the numerical values for amino acids where measurements may be missing.
Four of the Kidera factors, helix/bend preference, side-chain size, extended structure preference, and hydrophobicity are essentially pure factors ( Table 1) . Each one has been derived from a cluster of measurements of the same property. For example, the cluster for hydrophobicity contains only the relatively large set of measurements related to amino acid solubility.
The remaining 6 factors consist of weighted linear combinations of different measurements, labeled for convenience by the name of the most heavily weighted component. 3 Where factors appear to have names related to similar properties, the similarity is in name only. For example, the vectors composed of the 10 factors for extended structure preference (ext) and ñat extended preference (ñe) for each of the 20 amino acids are themselves orthonormal. Likewise, the similarly named pairs hel/alp and siz/psb are also orthonormal ( Table 1) ; there is no correlation between these factors.
As indicated by the authors, the Kidera factors are orthonormal by design to avoid problems arising from incompleteness and correlation (they are normalized and their inner product is zero.) They do not contain information about interactions as may arise from an analysis of a length of sequence for periodicity or interactions.
Information about interactions can be derived from a sliding window analysis of any of the 10 factors. As we show here, an average over sets of orthonormal factors can yield correlated results with reduced information content. However, an analysis of periodicity in sliding windows can also increase information content.
Some of the factors included in the original Kidera data set have been included in the set used to train the PONDR predictors used to make predictions here. These include the hydrophobicity scales from Kyte and Doolittle 35 and from Rose (for predicting turns in globular proteins), 77 and side chain volume. 78 Also included in PONDR training were charge (K+RD-E), aromatic count (W + F + Y), and coordination number, 79 which correlate strongly with hydrophobicity and side chain volume. Side chain volume, related to the convenience named partial specific volume Kidera factor, does not come close to being a pure physical property ( Table 1 and ref. 3) and by itself is incomplete. Other factors included in PONDR training depend on the Kidera information in lengths of sequence and include a flexibility index calculated from a sliding window, 80 the hydrophobic periodicity moments from Eisenberg, Weiss, and Terwilliger, 81, 82 codon number, 83 and alphabet size. 84 These scales are derived from a small part of the information contained in the Kidera data.
The PONDR predictors continue to be among the most accurate available, 85, 86 suggesting that hydrophobicity, may be among the principle physical properties of the amino acids determining the tendency of proteins to evolve with functions in intrinsically disordered states. However, we show here that all 10 of the Kidera factors contribute to a clustering of different types of predicted intrinsic disorder in Pfam domains, and that plots of PONDR VSL2b predictor scores against hydrophobicity have a spread and appearance that is similar to that seen in plots of the VSL2b scores against any of the other Kidera factors. The inclusion of the Kidera factors in the training of disorder predictors could hypothetically increase the information We test the Null hypothesis that the distribution for (1) the object under "Pfam set" differs from that for (2) the object under "diff" by a location shift of zero. The alternative is that they differ by some other 1-or 2-sided location shift. Percent disorder statistics are given as the quartiles of the distribution of PID calculated with R from a table where each row lists a domain or protein followed by the % disorder in that domain or protein. 2 compared with: this test, and the 99.9% confidence interval, are calculated using the R Wilcoxon rank sum (Mann-Whitney) test with continuity correction. The Mann-Whitney test is appropriate and accurate for comparing the medians of 2 large sample non-paired non-normal distributions, when those distributions are the same.
content available to an analysis of intrinsic protein disorder by several fold.
Results and Discussion
The results are shown and annotated in the figures and tables. Note that while Figure 1 includes the 15-20% of Pfam members that contained no PID, subsequent figures exclude members with 0% PID by simply excluding data below 2% from the plot.
The 10 Kidera factors are listed in Table 1 . Testing the hypothesis that intrinsic protein disorder preference, like helix preference, is a fundamental physical property of the amino acids that was not included when the Kidera factors were calculated, a singular value decomposition of the 20 by 11 matrix composed of the Kidera factors and the frequencies of occurrence of the amino acids in IDPs yielded only 10 non-zero eigenvalues; the disorder preferences of the amino acids are linear combinations of the Kidera factors.
Of the 618 100% PID members of Pfam domains, 176 start at residues 1 through 19 of the parent protein. The VSL2b predictor is biased to assign disordered structure to the first 20 residues of a protein or isolated segment. We tested the hypothesis that about 176 members may be incorrectly predicted to be 100% disordered and that this error biased our calculations. The results, shown in Figure 1 and Table 2 , indicate that end effects do not contribute significantly to the 100% PID group.
The sequence length mean of 100% PID Pfam sequences is 82, the median is just below 50, and includes many above 150. This broad and skewed distribution distorts the cluster analysis performed here to some extent where averages of Kidera factors taken over long sequences tend toward their central value of zero, while in shorter sequences there is a greater chance that a particular type of intrinsic disorder may be isolated, in a way that is analogous to searching for segments of helix, β-strand, or turn in folded structures. Earlier work finding 3 distinct albeit overlapping flavors of disorder 52 evaluated amino acid composition in windows 41 residues long. The effects of our use of a homogeneous distribution of lengths here are discussed below where we evaluate the high dimensional analysis of our data. Figure 2 and Table 3 show the distributions of PID in several proteomes compared with that in Human Pfam seed proteins. There are more long PID regions in the proteome than in the Pfam seeds for Humans. About 4% of the chimp, mouse, and human proteome whole proteins are 100% PID. Lower phylogenetic domains have smaller proportions of 100% disordered Pfam domains, and of disorder overall, in the following order: mammals > other eukaryota > viruses > bacteria > archaea. The median length of disordered regions in this 100% disordered group is 59 residues. Distributions of disorder in each of the 5 phylogenetic domains have positions that differ at the 0.999 level with p values less than 1 × 10
. Overall, 28% of Pfam members with 100% PID are derived from whole proteins that are 100% PID, and Mammalian domains in the Pfam seed database contain 27% PID. This is 13.8% less than in their source proteins and 16% less than in mammalian proteomes. This can be seen, with the additional 3.1%, in Tables 3 and 4. We hypothesize that this is an artifact of low complexity sequence filtering in the selection of Pfam seeds, by accident or design. The null hypothesis, that each distribution does not differ from any other, can be rejected at the 0.999 level. Figure 2 . 2 These figures derive from whole proteins from entire Proteomes, and not Pfam domains. "human Pfam" here indicates whole proteins in the Pfam seed set.
Figure 2.
In whole proteins there appears to be a predominance of 100% PID over what is found in the Pfam seed database for humans, with more (here) in mouse and chimp than in human proteins. This cannot be attributed to an uneven distribution of Pfam domain or PID lengths, and suggests that the Pfam seed database excludes some IDPs. This is shown here in comparisons of the distribution of percent predicted disorder in the human proteome with the PanTroglodytes chimpanzee and MusMusculus mouse proteomes, and with human proteins chosen as sources for Pfam seed members (red). Table 3 shows statistics for these distributions. Proteins with 0% disorder are not plotted here. We note that the distribution for mouse is shifted 1% to the left of that for chimp and human proteomes while 100% PID is highest for the mouse. Most striking is the spike at the right side of Figure 4 top left indicating that there are more Mammalian Pfam members 100% PID than there are in any other 2% wide bin of the data. There are 618 100% PID Mammalian Pfam members in this set. Our initial hypothesis here-that this set of PID sequences was characterized by factors that differed from those in other PID sequences-could not be supported. Figure 4 top right and bottom left, while most PID sequences are shorter than 10 residues, very few Pfam members are this short, and the mean Pfam member length is 145 residues ( Table 7) . Table 7 shows that each 100% PID Pfam member clearly derives from a PID region that is longer than the Pfam member. However, there is no compelling evidence here that the presence of entirely disordered Pfam members is an artifact, and does not have a special evolutionary significance, perhaps conferring an advantage to "higher" or "lower" phylogenetic domains. The evidence against artifact is also not especially compelling: the mean length of Pfam domain members, 145 residues, is much longer here than the mean length of PID regions, 16 residues. Pfam member lengths for mammals are 12-40 residues shorter than they are in other eukaryota, viruses, bacteria, and archaea. Percent disorder statistics are given here as the quartiles of the distribution of intrinsic disorder calculated with R from a table where each row lists a domain or protein followed by the % disorder in that domain or protein. 2 all members of the version 23.0 Pfam-a seed database were included. Total numbers of domain members are listed under "domains." Whole proteins are indicated with "WP." Mammals included only human, mouse, rat, bovine, rabbit, pig, and horse. eukaryota here have only these removed. 3 99.9% confidence interval calculated using the R Wilcoxon rank sum test with continuity correction. The null hypothesis is that the distributions for mammals and the other domains listed here differ by a location shift of zero. The alternative is that they differ by some other one or two sided location shift. 7% of whole proteins and 6% of Pfam members are predicted to be 100% PID, but whole proteins contain significantly more PID overall. again, whole proteins contain 28% of the Pfam sequences predicted to be 100% disordered, and do not fall into the category where uneven length distribution of domains accounts for 100% disordered Pfam domains. also, predicted disorder is estimated to be 13% lower in Pfam domains than in Pfam whole proteins, shown in Table 4 , "est dif." Proteins and domains with 0% disorder are not plotted here. Right: here, the median length of predicted 100% disordered whole proteins is about 70 residues longer than that of predicted 100% disordered Pfam domains (Table 5) , and in Figure 4 the median length of Pfam domains is much larger than the median length of predicted intrinsically disordered regions. clearly, some 100% PID Pfam sequences derive from whole proteins where PID extends beyond the ends of the Pfam segments as proposed earlier, 33 but there is no obvious reason why this classifies the significant category of predicted entirely disordered Pfam sequences as an artifact.
Also shown in
There appears to be a predominance of 100% PID in the eukaryotic proteome that is also seen in Pfam domain members. The Pfam seed database appears to exclude some IDPs. Predicted disorder is estimated here to be 13% lower in Pfam domains than in Pfam whole proteins. Twenty-eight percent of Pfam members that are 100% PID are derived from whole proteins that are 100% PID. Statistics alone cannot resolve this question. The CH/CDF plot shows, for all practical purposes, the VSL2b disorder prediction score on the x axis and hydropathy on the y axis. This can be seen in the scatter plot matrix in the lower right where CH, hydropathy, 35 CDF, and the VSL2b scores for mammals are all Table 4 ). Upper right: Pfam domain sequence lengths for mammals are 12 to 40 residues shorter than they are in other eukaryota, viruses, bacteria, and archaea, but the order of domain sequence lengths does not follow the order of 100% PID, as also shown in Table 7 under "shift." The mean domain length is 145 residues ( Table 7) . Lower left: Intrinsically disordered region (IDR) lengths (distinct from Pfam domain lengths) for mammals are 1-5 residues longer than in other domains/kingdoms of life, also shown in Table 6 , and the order of ID length follows the order of 100% PID. Most predicted intrinsically disordered regions are shorter than 10 residues, much shorter than the median Pfam domain sequence length. Lower right: there are significantly fewer IDRs in mammals than in viruses, and marginally fewer than in other eukaryota. The median is near 2, and some proteins are predicted to have more than 20 IDRs.
plotted against each other. CDF and VSL2b are highly correlated, as are CH and hydropathy. The CH/CDF plots are divided into 6 sections. Density in the lower and middle right hand sections of the CH/CDF plots corresponds to mostly ordered Pfam members, while density in the middle and upper left hand sections represents mostly disordered Pfam members. As can be seen, density shifts from the lower right to the upper left as plots progress from archaea, bacteria, viruses, and other eukaryota, to mammals. The grouping in the lower right hand side of the plots for archaea and bacteria in Figure 5 , corresponding to proteins with no predicted intrinsic disorder, is not included in the cluster analyses below. Figure 6 shows more detailed structure than can be seen in the Figure 5 . Each plot here contrasts data from all of the phylogenetic domains, and shows the differences between domains more clearly than can be seen in Figure 4 . Here the percent of Pfam members is on the Y axis, and the percent of predicted disorder in each region is on the X axis in 5% wide bins. We note that in each sub-plot the lines for all of the domains tend to cross at 1 point, giving the appearance of an isosbestic point, suggesting that there are at least 2 independent states in each of the 5 sections. A cluster analysis of these sections (not shown) indicates 2 components in each section, with the exception of the "spot" representing ordered proteins. Second, in the upper Table 5 . comparison of quantiles and means for the distributions of length in 100% PID: for Pfam seed members and whole proteins, 1 also shown in Table 4 . statistics are rounded to nearest whole number. all statistics here are for the subset of sequences that are 100% PID. left quadrant, there are more eukaryota Pfam members in the 95-100% disordered group than in any other 5% wide group.
As discussed above, some methods of predicting intrinsically disordered structure are subject to end effects, such that, for VSL2b here, N-and C-terminals are predicted to be disordered when they are possibly not. This problem probably accounts for part of the approximately 20 percent false positive rate observed for some disorder predictors. As can be seen in the top left frame of Figure 6 , corresponding to the lower-right spot in Figure 5 bottom center, in that group of proteins that are the least disordered, only 2-4% are predicted to have no disorder at all. End effects, at least here, partly account for this. Figure 5 are plotted here as a function of percent disorder in each sequence, correlated with but not the same as the VsL2b parameter. We note that the ordering of phylogenetic domains, with respect to increasing PID, is preserved with the exception of the upper right quadrant where the sample size is too small to be significant. The shifts in PID from 1 domain to the next are more quantitative here, and each "quadrant" appears to represent 2 distinct states. 8 show structure-function feature maps for 3 examples of the 618 mammalian proteins found here with 100% predicted disordered Pfam members, chosen on the basis of their known involvement in human disease and presented in order of length. The program that generates these figures was written for this work and is now part of the Disprot PONDR predictors available on the Disprot site. 40 Included in each figure are the IDR prediction proðles from the PONDR VSL2b, VL3, and VXLT methods, 4 markers for: Pfam family and domain members, predicted IDRs based on VSL2b, predicted molecular recognition features based on the VXLT proðles, regions of these proteins represented in the protein data bank by X-ray crystal diffraction and NMR evidence both for order and disorder, sites of phosphorylation and methylation, and for sequence variations related to human disease. These are described below with a comparison to other members of the same Pfam family.
Figures 7 and
PF05160: DSS1 HUMAN plays a role in ubiquitin-dependent proteolysis, interacts with the C-terminal of BRCA2, and is involved in split hand-split foot malformation. 87 Other members of this family predicted here to be 100% disordered are DSS1MOUSE-3-63, SEM1-DROME-15-75, and SEM11ARATH-8-70. The following members of the PfamA. seed set predicted to be less disordered are: Q9LIY2ORYSJ-9-97, 86%, SEM1-YEAST-19-84, 67%, and DSS1-SCHPO-2-66, 91%. In a limited sample some non-seed members show even lower amounts of PID, but we cannot say that it is generally true that some family members have widely differing amounts of PID.
PF04440: DBND1 HUMAN-14-153 binds to α-and β-dystrobrevin in muscle and brain, and genetic variation is thought to be associated with Schizophrenia. 88 Other members of this family in the seed set: DBND1-MOUSE-14-155, 94% PID, and DBND2HUMAN-100-254, 99% PID.
PF05923: APC HUMAN, Found repeated in the mid region of the adenomatous polyposis proteins (APCs), near many cancer-linked SNPs. These repeats bind β-catenin. The Pfam V23.0 seed set appears to be accurate with respect to most of the IDPs we have sampled. However, there are, as with all prediction methods, some inconsistencies, and we note that we are applying a prediction to a prediction here. Figure 9 shows, on the right, a parallel analysis plot 41, 42 indicating that there are probably 3 independent types of mostly or entirely disordered Pfam members where differences are based Many similar examples exist where parts of these proteins have been crystallized, but in the presence of sDs or in co-crystals with partner molecules, illustrating the induced conformation nature of IDPs. X-ray crystal structure is marked in black. NMR solution structure is marked in gray. PF05160 Dss1 hUMaN has been co-crystallized in complexes: 1iyj, 37 1mje, 38 and 1miu 39 ) . No pdb evidence of structure yet exists for PF04440 DBND1 hUMaN. These plots of PONDR prediction results are available on the Disprot site.
40 Table 6 . comparison of distributions for percent predicted disorder in Pfam seed members 1 (Fig. 4, upper Figure 8 . a structure-function map of aPc hUMaN shows an example of a protein with a mix of PID and structure with multiple Pfam domains (green), most predicted to be mostly disordered (blue). X-ray crystal structures (black) also include many residues not observed in these structured segments (red). The longest fragment of aPc hUMaN to be obtained in large quantities is seen to be 100% disordered in the NMR solution structure (also red). Many of the X-ray structures for aPc hUMaN have been co-crystalized with other molecules, suggesting that these conformations are induced by the binding of an IDP with a structured partner.
only on the averaged physical properties of their amino acids, and VSL2b scores are greater than 0.5. Likewise, on the left, we cannot reject the null hypothesis that there are 5 types of Pfam members in mammals based on the averaged physical characteristics. There are 6 when archaea are included (not shown). These groups are in addition to the HMM classifications.
In an earlier study aimed specifically at finding different flavors of intrinsic protein disorder in the Swissprot database, Vucetic et al. 52 found 3 groups characterized by their amino acid composition. These groups, composed of predicted intrinsically disordered regions divided into windows 41 residues long, were related to function. It is not possible to compare those groups to the ones seen in this work with respect to physical properties. The question here is: how do the clusters found here relate to Pfam families and function. There is substantial evidence that functional intrinsic disorder, particularly in long sequences, is composed of multiple shorter structural features, such as those found in MoRFs. 90, 91 To be meaningful, the mapping of types of disorder to function or Pfam family should include a windowing analysis, similar to that performed earlier, of shorter segments that includes the kind of periodic features used to train PONDR in this respect. Figure 10 shows a pairs graph 46 (a scatterplot of all factors against all others) of the mean Kidera factors for Pfam members where the average VSL2b score is greater than 0.5, indicating that the sequence is likely to be more than half disordered. As in Figure 9 , red and green delineate 100% PID members from others that are between 50 and 100% PID. Members that are Figure 9 . Retention and rejection in the Glorfeld Principle component analysis [41] [42] [43] [44] [45] of Pfam sequence information represented by the 10 Kidera factors. Left: 5 components are retained from 10532 mammalian Pfam domains. six components are retained when archaea are included (not shown). Right: 3 components are retained when the sample is restricted to 1913 members here where the VsL2b parameter is greater than 0.5 (more than half of each member is predicted to be disordered). as can be seen in the figures below, these components form well separated groups with very little overlap. 100% PID show visually distinct clusters. This is where the VSL2b score, the predictor of intrinsic disorder, is highest. The 100% PID members here appear above the correlation line in the ext vs ñe plot, and in the lower left of the dbe vs alp plot. However, these are not particularly special cases; there is some degree of separation in the predictions of partly and completely disordered structure by all pairs of factors, indicating again that all factors contribute to this distinction. Also, in the scatterplot matrix figure below, where the VSL2b score is included and the color distinction is made for clusters and not for degrees of disorder, the VSL2b score does not appear to be well correlated with either color mapping or with the overall trend of the scatter. Another way of viewing the clustering, and nonclustering, of 100% PID Pfam members is shown in the dendrogram plots below. Note that although the Kidera factors themselves have zero correlation, some factors averaged over the entire lengths of Pfam sequences do show substantial correlation, albeit with large variance. There is a positive correlation here between average ext (extended) and fle (flat extended) factors, and a negative Figure 10 . a pairs graph 46 shows scatterplot, regression lines, and typographically scaled absolute values of the correlation coefficients between the mean Kidera factors for the 1913 members where the mean VsL2b parameters are greater than 0.5 (half disordered or more). Points for domains that are 100% PID are red, while all others are green, showing several visually distinct clusters in each of the 2-dimensional plots in a way that is almost impossible with 2-dimensional projections of high-dimensional objects, and the corresponding dendrogram shown in Figure 13 , right, does not reveal the level of structure shown here. helix/bend (hel) and extended structure preferences (ext and fle) are negatively correlated, and the 2 extended structure preferences are positively correlated, as can be seen also in Figure 11 . This is expected, but other correlations are relatively small. The Kidera factors themselves have zero correlation. correlation between these and the average hel (helix) factors for entire Pfam sequences. These correlations appear again in Figure 11 . Figure 11 shows a PCA biplot of all Pfam members here scored by the principle components of the 10 mean Kidera factors for the members. Each point represents an identifiable member with eigenvalues or coefficients corresponding to how much each component contributes to the variance in the original data. The 10 labeled vectors are projections of the mean Kidera axes onto the 2-dimensional plot shown here, indicating their contributions, however difficult to see in only 2 dimensions, to the 3 principle components represented here. The positively correlated average extended-and flat-extended factors point away from the average helix factor to which they are negatively correlated, and these are somewhat aligned along the PC1 and (for fle) PC3 axes. Note that 100% PID members, in red, are clustered primarily along the fle axis, but that some occupy positions at the far ends of other factors. All of the Kidera factors appear to contribute to the preference for types of order or disorder.
A better visualization of how all 10 factors contribute to the principle components, particularly when there are more than 3 PCs, can be obtained by rotating the PCA biplot in 2-and 3-dimensional projections in real time using the RGgobi and (for Windows only) BiplotGUI R packages. 92, 93 Both there, as well as in static plots shown here, individual points can be labeled with their accession numbers to better explore these relationships. Figure 12 shows a partial least squares and principal component regression 48 of the mean VSL2b score against the 10 mean Kidera factors for all Pfam members included here. Each point on the left represents a Pfam member scaled by 6 eigenvectors of the PCA decomposition. Plots of the regression coefficients on the right show that only 5 components show noticeable differences, so the regression here is essentially in 5 dimensions. The distribution of lengths in Pfam members here is broad, causing the mean values of the Kidera factors to have a limited value, tending toward zero a central value where lengths are long. Figure 13 shows dendrograms 49 of the mean Kidera and VSL2b factors for the complete 10532 member set, and for the (Table 1) , and 100% PID sequences colored in red. Note that the apparent correlation between hph and sur is caused by the projection into 2 dimensions, and that the actual correlation is 0.25 (Fig. 10) . IDPs appear to arise here from a variety of combinations of average factors. These distinctions become even more evident when only shorter Pfam sequences, or windows of uniformly shorter segments, are chosen (not shown). as Pfam sequences become longer, the means of the Kidera factors tend toward the central value, zero, masking the diversity of IDP types in Pfam domains. We anticipate that, for example, a cluster will appear along the hel (helix) or alp (occurrence in α region) axis in an analysis that includes windows of 20 residues each, and that shorter windows may yield a cluster along the dbe (double-bend preference) axis. Figure 12 . a partial least squares and principal component regression 48 of the mean VsL2b factor against the 10 mean Kidera factors for 10572 Pfam sequences, left, shows a prediction of the mean VsL2b factor for Pfam sequences using "leave one out" validation, with 100% PID sequences in red. here the x axis represents mean VsL2b scores calculated directly from the VsL2b predictions for each sequence (these are just mean VsL2b scores) and the y axis represents predictions from the multivariate linear regression on 6 principle components of the Kidera factors (see Methods). We hypothesize that the nonlinearity and spread of the data here is partly due to errors in the VsL2b predictions themselves, that the Kidera factors more accurately represent the tendency to disorder, and that the spread will narrow in an analysis of smaller uniform windows of sequence. Five components yield the same results, consistent with the results shown in Figure 9 , and here to the right. The plot on the right shows the regression coefficients for these 6 sets of principle components. here the sets containing 5 and 6 components have nearly the same coefficients, indicating, as was also shown using a different analysis in Figure 9 , that the sixth component contributes little to the information contained in the Kidera factor averages. We hypothesize here that convergence will shift to more coefficients when smaller uniform windows are analyzed. 1913 member set that includes only members with mean VSL2b scores above 0.5. It appears to be clear that 100% PID members are in distinct groups. Depending on where the y axis line is drawn, it is possible to find between 5 and 7 clusters here. However, in the 1,913 member subset, although we know that there are only 3 distinct clusters (Fig. 9, right) , it is difficult to distinguish them here. 100% PID members appear to be distributed randomly among several distinct groups.
We now turn to a principle component analysis (PCA) of the Kidera factors averaged over entire Pfam sequence lengths, in Figure 14 below where the mean VSL2b scores are excluded, and in Figure 15 where they are included to show an almost complete lack of correlation with any single mean Kidera factor. Figure 14 shows a bivariate cluster plot, 50 showing only 2 components, of the 1,913 member subset where 4 components are retained to show the tendency of long members to have the same Kidera factor means, reducing the dimensionality available for discriminating between disorder types. The 4 clusters have the same colors in both the cluster and silhouette plots. While values around 0.2 in silhouette plots are low, indicating weak clustering, these values become larger as longer members are excluded.
The distribution of residue lengths has a distorting effect on cluster plots. While residue lengths of most PID sequences are less than 10 (4), the mean length of 100% PID Pfam sequences is 82, the median is less than 50, and many are longer than 150 (Fig. 1) . These much longer sequences tend to have mean Kidera factors near zero, even though they may contain regions that vary from this and from each other significantly. Presently not well supported by the statistics, both the blue and red clusters on the left (Fig. 14) can be divided again to form 5 well separated clusters, and we think these will become more significant as a windowing scheme is imposed on the size of cluster members and the members colored in black become redistributed. Figure 15 shows a scatterplot matrix for the 1913 member set where mean VSL2b factors greater than 0.5. Members plotted here have the same colors used in the PAM cluster analysis 50 plotted in Figure 14 , but no PCA is performed here. Again, these plots take on different characteristics as sequence lengths become more uniform (not shown).
Perhaps the most notable feature of this figure: the cross-plot for vsl and hph, showing the relationship between VSL2b score and hydrophobicity, is essentially the same as is shown in the top left of Figure 5 where CDF is less than zero and CH is between -0.4 and 0.6. Note that the cross plots for vsl against all of the other Kidera factors show a similar spread of data, indicating that hydrophobicity is not the only factor important in predicting intrinsic disorder.
As in Figure 10 , a positive correlation can be seen here between extended and flat extended structure, but here there is also a clear separation of clusters (colors) along the axis of the correlation. Also, the negative correlation between the 2 extended factors and helix shows a separation of clusters.
Note in this figure that amino acid size (siz) and partial specific volume (psv) have very different distributions plotted 51 for k = 4 clusters shows 3 clusters with almost no overlap, and 1 cluster with considerable overlap (black). The observations near zero tend to be from long Pfam sequences where means in the distance matrix tend to the central value. This calculation included the mean VsL2b factors and the 10 mean Kidera factors for 1913 Pfam members where the mean VsL2b factor is greater than 0.5. When k is set to 3, the black and blue points are combined into one group. again, individual Pfam members can be identified here. Right: a silhouette plot of the same PaM object using the same colors also shows 3 mostly non-overlapping groups and one with significant overlap. silhouette widths: near 1 indicate well clustered groups, near 0 indicates that observations lay between 2 clusters, and negative means that observations overlap or are in the wrong cluster. colors, but not numbers, correspond to the same groups in each plot. The same observations with the same colors are also plotted in Figure 15 . We note that overlap in the previous work 52 was greater than 70%. In the subset of Pfam members where the VSL2b disorder predictor is greater than 0.5 at least 3 groups are found, despite the homogeneous distribution of Pfam member lengths.
In the earlier study aimed specifically at finding different flavors of intrinsic protein disorder, Vucetic et al. 52 found three groups characterized by their amino acid composition in windows 41 residues long in predicted intrinsically disordered regions in 80,000 sequences of the Swissprot database. It is not possible to compare those groups to the ones seen in this work with respect to physical properties. However, we can observe that the overlap of clusters in the previous work is considerable, while here in Figure 14 the overlap of 1913 sequences is very small but the clustering is weak in the usual interpretation of the silhouette plot.
Where sequences are long the average of the Kidera factors tend toward zero, limiting the capacity of the analyses to discriminate. It is hypothesized that grouping sequences into smaller subsets with more uniform lengths will reveal more information, and lead to more finely structured and perhaps more accurate predictions of intrinsic disorder. Adding additional information derived from sliding window calculations based on the physical properties, related to interactions such as is provided by hydrophobic moment, 81 and flexibility, 4,80 strengthens predictor training, particularly for features important for molecular recognition. 90, 91 Tables 8 and 9 show the percent of non-mammal single and multiple cell Eukaryotes, respectively, with unique Pfam members Figure 14 . The scatter plot shown here for VsL2b (vsl) and hydrophobicity (hph) is essentially the same plot shown in Figure 5 , with the exception that here only the left side of Figure 5 is represented. Note that the cluster identified in red is most prominent where size is plotted against the other parameters, and that it runs parallel to the VsL2b axis, indicating that sequences in this cluster containing large amino acids are present in both ordered and PID Pfam members. The cluster identified in green is most prominent when helix preference is plotted against other parameters, marking sequences with low mean helix preference, and for blue sequences with high mean helix preference. 
Conclusions
A standing hypothesis among IDP investigators proposes that intrinsically disordered protein (IDP) has evolved into different classes that can be identified by physical characteristics or functions, analogous to those identified by HMMs in the Pfam database. We analyze distributions and clusters of PID in 193024 members of the version 23.0 Pfam seed database, representing 12456 unique domains, families, and repeats. Of these sequences, 616 mammalian members associated with 315 biological functions, and 120 of the parent whole protein set, are 100% PID.
Exploring ways to find the maximum information content in intrinsically disordered proteins independent of sequence information used to train HMMs, we applied the 10 linearly independent Kidera factors 1 containing most of the variance in the physical properties of the amino acids to a transformation and analysis of sequence in Pfam training set members. The hypothesis that intrinsic protein disorder exists in multiple forms with preferences analogous to those for protein secondary structure, as is evidenced in the success of MoRF predictors 90, 91 is supported by this analysis. There are 3 principle conclusions:
(1) Each of the 10 orthonormal Kidera factors contributes to intrinsic protein disorder. The PONDR predictors used here, while still among the most accurate, included less than 2 of the Kidera factors in training. The inclusion of all 10 Kidera factors could hypothetically increase the information available to a predictor by more than 5-fold.
(2) We identify 3 clearly separate and non-overlapping clusters of intrinsically disordered Mammalian Pfam sequences where the VSL2b score for disorder is not clearly correlated with cluster parameters, and where HMM training or sliding window calculations are not involved. The distributions of length in these Pfam sequences are broad and skewed, so these 3 clusters are groupings of intrinsically disordered Pfam sequences (or families), and not of types of intrinsic disorder. A sliding window analysis limiting sequence size to uniform lengths characteristic of MoRFs and other features important to IDP function could hypothetically increase the number of non-overlapping clusters several fold and reveal a meaningful correlation between disorder cluster type and function. The next step is to train an intrinsic disorder predictor against the Kidera transformed Disprot Database, with the addition of these other methods for recognizing patterns in sequence.
(3) While mammalian proteins in the Pfam seed database contain 40% PID sequence here, only 27% of the Pfam members in this set contain PID regions, suggesting that the Pfam database is missing functionally important PID protein domains.
Methods
The Kidera factors consist of 10 linearly independent vectors derived from an eigenvalue-eigenvector decomposition of statistically and experimentally determined physical properties of the amino acids. The frequencies of occurrence of each amino acid in experimentally known intrinsic disorder, from the Disprot database, can be added to the Kidera matrix to make 11 columns, but a singular value decomposition of this matrix shows only 10 linearly independent vectors; the preference for intrinsic disorder is contained in the 10 Kidera factors. Our 3 letter abbreviations for these factors are shown in Table 1 .
This analysis included 193024 members of the version 23.0 Pfam seed database, 68 representing 12456 unique domains, families, and repeats. The term "members" here refers to individual Pfam domain member sequences and not to entire Pfam domains. The term "domains" here is used for both Pfam domains and phylogenetic domains, but the distinction is spelled out. The term "regions" here refers to parts of proteins, or parts of Pfam members. The term "sequence" here refers to protein in whole or part, and if in part, whether it is isolated or not is spelled out.
Whole protein sequences represented in the Pfam seed set, and the human, mouse, and chimp proteomes were obtained from Uniprot. 19 Predictions of intrinsic disorder were performed on 193024 whole proteins using predictors VSL2b, 36 VL3, 94 and a method that is predictive of molecular recognition features, VLXT. 90, 91, 95 The VSL2b predictor used for the statistical results here compares well with other methods, available on the D 2 P 2 site. 32 Statistics, cluster, factor, and principle component analyses, were calculated using R core and contributed packages. 41, [46] [47] [48] [49] [50] 92, 96, 97 The R implementation of the Wilcoxon rank sum test with continuity correction is used to compare distributions, testing the null hypothesis that the distributions of x and y differ by a location shift of "mu." The alternative is that they differ by some other 1-or 2-sided location shift. Rejection of a null hypothesis in some cases sampled here may have no practical significance if other larger effects are present, such as the possibility that populations of Pfam domains may contain artifacts of HMM training methods, as it appears to be a factor here with respect to low complexity sequences.
Cluster analyses are notoriously difficult to validate. Clusters can appear at random in nature. Confidence intervals on the results of a singular value or eigenvector-eigenvalue decomposition can be calculated when the standard error in the data noise is known because the scale of the original data are maintained through the transformation and eigenvectors can be compared with noise. 98, 99 Again, even if the level of the noise were known here, other larger effects may render it meaningless.
To obtain some statistical confidence in our results, a parallel analysis 41, 42 was performed using an eigenvalue-eigenvector decomposition and Glorfelds principle component analysis 45 of the 10532-Pfam-member by 10-mean-Kidera-factor matrix. Each Pfam family or domain member was represented by a vector of the means of the 10 Kidera factors listed in Table 1 over each entire Pfam region. Paran options included 1000 and 5000 iterations, giving the same results at the 99th percentile. A common factor analysis (not shown) retained seven factors from the 10532 sample set. No real difference was seen in the number of eigenvalues retained when VSL2b scores are added to the Kidera set.
A partial least squares and principal component regression, plsr, 48 of the mean VSL2b factor against the 10 mean Kidera factors for 10572 Pfam sequences were calculated using the following model: vsl hel + ext + dbe + ñe + pkc + siz + hph + psv + alp + sur.
Structure and function information extracted from Uniprot database or fasta format files is combined with predictions of intrinsic disorder here to provide graphical representation of the relationships between these features. This program is available on the Disprot database prediction site.
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